This paper presents a new approach for the acceleration slip regulation (ASR) control, carried out by the combined-simulation to break through limitations of the single simulation method. By the combined-simulation method, the virtual prototype model of 8×8 wheeled electric-drive vehicle was established in the ADAMS, and the ASR control model (which is based on the PI control of slip rate) was built in the MATLAB software. In order to testify the practicability of the method, the vehicle acceleration simulation was conducted on low-adhesion road. The experimental results show that the proposed control strategy are effective and the ASR control model are accurate for controlling the 8×8 in-wheeled electric-drive vehicle.
INTRODUCTION
Traditional research on ASR control has been based on the MATLAB software, which makes vehicle models too simple to embody mechanical characteristics [1, 2] . Another commonly used method of vehicle modeling and simulation, ADAMS, is also proven to have limitations in complex control of electric-drive vehicles [3] [4] [5] . For these reasons, this article proposes the combined-simulation method by ADAMS and MATLAB software to cater to the features of the ASR control, which offers a new way to simulate and analysis the 8×8 in-wheeled electric-drive vehicle. In the vehicle ASR control model, every wheel of the 8×8 in-wheeled electric-drive vehicle is a driving wheel, thus the ASR control is required for each wheel (Fig. 1) . In the module of pre-allocation of driving force, total power (as a given input) is assigned to each motor. Then the value of torque regulation is superimposed calculated to the initial value of pre-allocated torque by the ASR controller. In the module of status and feedback, driving information of 8×8 in-wheeled electric-drive vehicle is fed back to the control model, which forms a closed loop control system.
In the above figure,
respect the vehicle speed, the output torque, the pre-allocated torque and wheel speed of the i-th wheels.
COMBINED-SIMULATION MODELING OF ASR CONTROL

Driving Motor Modeling
Driving motors of 8×8 in-wheeled electric-drive vehicle are permanent magnet synchronous motors, and the torque's external characteristic of them can be calculated using the following formula. 
Vehicle Virtual Prototype Modeling
The virtual prototype model of 8×8 wheeled electric-drive vehicle was established in the ADAMS, which includes suspension, UA tire and body. Based on the real vehicle size, the model of 8×8 wheeled electric-drive vehicle was built in three-dimensional software and was imported in ADAMS/Car, as shown in figure 3.
Combined-Simulation Modeling
The virtual prototype model of 8×8 wheeled electric-drive vehicle, the ASR control model and the module of input information were used for combined-simulation modeling. The input and output variables of the vehicle are defined in ADAMS. The initial value of torque (Th1~Th8) are prescribed as input variables, while the vehicle speed and wheel speed passed to the ASR model are prescribed as output variables.
The ADAMS and the MATLAB software are connected through interfacing. The appropriate solver (ADAMS/Solver) is chosen, and then by invoking the module of ADAMS/Controls, the established virtual prototype model (built in ADAMS/Car) is imported into MATLAB/Simulink to complete the combined-simulation modeling (as shown in fig .4 ). In the above combined-simulation model, there are three main modules. Specifically, the first is the input module (shown as "Driver _sub" in fig .4 ) and in this module
is used to refer to throttle opening of the vehicle, with the initial value of driving motors' torque calculated as 1100 T    NM. The second is ASR control module (shown as "ASR control _sub" in fig .4 ), including the PI controller of slip rate and the module of driving motors. The vehicle dynamic model is the third module (shown as "ADAMS _sub" in fig .4 ). Driving information of the vehicle is fed back to the control model, which forms a closed loop control system.
COMBINED-SIMULATION EXPERIMENT
The vehicle acceleration simulation was conducted on low-adhesion road to testify the practicability of the combined-simulation method. The road adhesion coefficient (  ) is set at 0.2 and the optimal slip rate ( d  ) is estimated at 0.15. The driving torque of each wheel were applied to 580N•m. In the simulation, the four wheels on the left side of the vehicle were selected as observation objects. Wheel speed of them was defined as "w1, w3, w5, w7" and the vehicle speed was marked as "v". The relation between vehicle speed and wheel speed in two comparison conditions (namely, without ASR control and with ASR control) is shown below (fig. 5) .
As shown in the above two figures, when driver accelerated on low-adhesion road, there was serious slippage in observed wheels of the vehicle without ASR control, and the maximum difference between the wheel speed and vehicle speed was notable (about 12m/s). In stark contrast, the slip was significantly inhibited under ASR control, and the maximum difference between the wheel speed and vehicle speed was only around 2m/s. Also the vehicle speed apparently increased in this experimental condition, which indicted the acceleration performance was improved for the vehicle with ASR control.
The output torque of four observed wheels was defined as "T1, T3, T5, and T7" and the input torque from the vehicle driver was marked as "T". The relation between the input and output torque in two comparison conditions (namely, without ASR control and with ASR control) is shown in fig. 6 .
As fig. 6 shows, there was marked comparison of the output torque of four observed wheels before and after the ASR control. The established ASR control was able to regulate the output torque on low-adhesion road and to keep the regulation process stable.
The slip rate of four observed wheels was defined as " 1  , 3  , 5  , 7  " and the optimal slip rate was marked as " d  ". The curve of slip rate of four observed wheels with ASR control is shown in fig. 7 . According to fig. 7 , by using ASR control, the slip rate of four observed wheels was regulated near the optimal. 
SUMMARY
The combined-simulation method by ADAMS and MATLAB software is proposed in this paper. To cater to the features of the ASR control, the virtual prototype model of 8×8 wheeled electric-drive vehicle was established and the ASR control model was built in the ADAMS and in the MATLAB software respectively. Combined-simulation experiment was conducted on low-adhesion road. The experimental result testified the practicability and validity of the combined-simulation method, it manifested that the established ASR control model is able to regulate the slip rate near the optimal and to improve the dynamic performance of the vehicle.
